conservation concern in the former, it would seem that ecologists interested in studying the factors regulating diversity would gravitate to field and laboratory comparisons across this natural productivity gradient. However, such comparative studies remain rare, even in places where serpentine soils are a common part of the landscape. In the past two decades or so, the value of the serpentinenonserpentine productivity gradient as a model system has become more apparent to community and landscape ecologists, and the number of studies investigating classic questions relating to biodiversity regulation has increased, especially in California. In this chapter, we carry out the first review of ecological studies of disturbance in serpentine vegetation, focusing on general patterns in the responses of plant species diversity to large ungulate herbivory, fire, and soil disturbance.
THE INTER ACTING ROLES OF DISTURBANCE AND PRODUCTIVIT y IN BIODIVERSIT y REGUL ATION: THE THEORETICAL BACKGROUND
The modern synthesis of equilibrial and nonequilibrial theories for biodiversity regulation began in the mid-1970s, with recognition that competitive exclusion is often prevented in natural communities by factors like predation and harsh physical conditions. Connell's intermediate disturbance hypothesis (IDH) proposed that community structure is the product of three factors: disturbance; environmental heterogeneity, which is created and modified by disturbance; and recruitment, which is dependent on both of the former (Connell, 1978; Petraitis et al., 1989; Reice, 1994) . The chief prediction of the IDH is that there is a unimodal relationship between diversity and disturbance, such that diversity is high at "intermediate" levels of disturbance (size or intensity or frequency) and lower at both lower and higher rates of disturbance (see Figures 12.1 and 12.2) . At low levels of disturbance, equilibrial processes dominate community interactions, and superior competitors reduce diversity by eliminating inferior species. At high levels of disturbance, diversity drops as species with low recruitment rates disappear from the community. Many studies have sought to evaluate the universality of the IDH, with varying results. Some authors have underscored the fact that different types of disturbance are not equivalent, and in many systems different disturbances interact to generate complex outcomes (Collins, 1987; Noy-Meir, 1995) . Others have found that the unimodal disturbance-diversity relationship is dependent on, among other things, the type of disturbance, the sample size area, and productivity of the study system (Huston, 1994; Currie, 2000, 2001) . Proulx and Mazumder (1998) reviewed herbivory studies and found that all the studies from nutrient-poor ecosystems showed declines in species richness under heavy grazing, whereas 60% of studies from nutrient-rich systems showed increases in richness under heavy grazing.
The relationship between ecosystem productivity and species diversity has itself been the subject of intense debate for many years. Primary productivity-our focus-is the rate of change in plant biomass per unit area over time (Barbour et al., 1987) . Numerous researchers have found broadly unimodal patterns relating species diversity to different (imperfect) surrogates for primary productivity (e.g., biomass, soil resource availability, precipitation) where diversity is maximized at intermediate productivity (Huston, 1994; Grace, 1999; Grime, 2001) . It is generally thought that environments are too nutrient-poor at the low end of the productivity gradient for most species to survive. The often observed decline in diversity at the high end of the productivity gradient may be driven by local biotic processes like competitive exclusion, regional and historical processes, or both 
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High-productivity Low-productivity figure 12.2. Theoretical disturbance-diversity curves for (A) high-productivity sites (see transect C in Figure 12 .1); (B) low-productivity sites (see transect A in Figure 12 .1). Diversity curves refer to relative (not absolute) diversity, and diversity levels should not be compared between curves. IDH 5 intermediate disturbance hypothesis (Connell, 1978) ; MSL 5 Milchunas, Sala, and Lauenroth (2003) (for disturbance-tolerant and -intolerant species); DEM 5 dynamic equilibrium model (Huston, 1994) ; GRH 5 grazing reversal hypothesis (Proulx and Mazumder, 1998) ; O&R 5 Olff and Ritchie (1998) (for wet and dry climates, large herbivores only). In (B), MSL differs from DEM in predicting that intolerant species in low-productivity sites cannot support high disturbance intensities or frequencies. (Ricklefs and Schluter, 1993) . Like the disturbance-diversity relationship, the unimodal productivity-diversity relationship may not be universal, and theoretical and empirical studies have also found support for positive and negative relationships (Rosenzweig and Abramsky, 1993; Abrams, 1995; Mittelbach et al., 2001) .
A number of authors have suggested that species diversity patterns are best understood when the disturbance-diversity and productivity-diversity relationships are jointly considered as part of the same theoretical framework (e.g., Grime, 1977; Huston, 1994 ). Grime's 1979 CSR theory (Grime, 2001 ) and Huston's (1994) dynamic equilibrium model (DEM) are both based on a disturbance-by-productivity matrix (Figure 12 .1). Grime (2001) described three primary plant strategies (C 5 competitors, S 5 stress tolerators, R 5 ruderal species) that result as evolutionary solutions to different permutations of the matrix, reasoning that a fourth strategy (for the extreme low-productivity/high-disturbance condition) was not viable in nature. Huston (1994) retained the fourth ecosystem condition, but otherwise CSR and the DEM make many of the same predictions. In this contribution, we focus our consideration on the DEM, because its retention of separate axes of productivity and disturbance (which are not truly independent) makes comparison of disturbance effects on serpentine and nonserpentine ecosystems more tractable (Figure 12 .1).
Because increased ecosystem productivity usually leads to increased growth rates of individuals and populations, the DEM (and CSR) predicts that more frequent or severe disturbance is required to prevent competitive exclusion in highly productive habitats; highly productive, highly disturbed sites are dominated by "weedy" ruderal species, often at high species densities. At low productivity, high disturbance creates conditions where few species can survive. The DEM predicts maximal diversity where disturbance and productivity are balanced (Figure 12 .1), because in these conditions the roles of local processes that drive mortality and competitive exclusion are either minimized (low ends of both gradients) or they offset one another (high ends), and larger scale factors that influence the size of the regional species pool (landscape heterogeneity, rates of immigration and speciation, etc.) come into play (Huston, 1994) . Because conditions of low productivity and low disturbance allow the coexistence of many life history strategies, the DEM expects the highest diversity to occur in this region of Figure 12 .1. Under high productivity, the DEM expects more or less monotonic increases in diversity as disturbance levels rise, whereas under low productivity, the model predicts diversity to generally decrease (Figure 12 .2). Unimodal relationships between diversity and disturbance are only expected under intermediate conditions of productivity.
In their grazer reversal hypothesis (GRH), Proulx and Mazumder (2001) make broadly similar predictions to the DEM, with herbivore effects expected to increase diversity monotonically in high-productivity ecosystems and decrease diversity in low-productivity ecosystems (Figure 12 .2). The GRH suggests that resource availability on its own is largely sufficient to explain these patterns, with some contribution from evolved grazing tolerance. Olff and Ritchie (1998; O&R) posit that precipitation and herbivore size interact with productivity to drive plant diversity responses to disturbance. For large ungulates, O&R predict a negligible to moderate loss in diversity in dry sites but a moderate to major gain in diversity for wet sites, depending on nutrient availability. The strongest disturbance-driven decrease in diversity is expected for low-fertility soils in dry climates, and the strongest increase for low-fertility soils in wet climates (Figure 12. 2).
A number of authors have noted that changes in species diversity due to disturbance may depend on the historic relationship between the studied ecosystem, its component species, and the disturbance in question (Denslow, 1985; Milchunas et al., 1988; Huston, 1994; Olff and Ritchie, 1998) . Organisms that have long been subject to a particular disturbance regime (e.g., certain patterns in frequency, size, or intensity) will adapt to that regime or leave the ecosystem. Milchunas, Sala, and Lauenroth (1988; MSL) developed a theoretical framework for understanding the responses of grasslands to grazing based on their evolutionary exposure to herbivory. In floras long associated with herding ungulates, the interaction between moderate grazing and high community productivity is likely to induce strong increases in diversity and large changes in composition; in floras lacking this long association with large herbivores, however, diversity may drop strongly (Milchunas et al., 1988; Figure 12.2) . A similar example can be drawn for fire. Ecosystems that rarely experience wildfire are unlikely to support many taxa that possess adaptations for rapid recolonization of burned areas, whereas ecosystems that do experience frequent fire will have many niches for postfire specialists (Grubb, 1977; Denslow, 1985) .
All of these predictions concern local-scale diversity, but disturbance-diversity theory also makes predictions about regional diversity. If we assume a landscape is homogeneous (in soil, weather, topography, etc.), then theory predicts that a given disturbance regime will generate a certain range of species diversity at the local scale. If the entire landscape is disturbed at the same time by a disturbance of homogeneous intensity, as it will be if conditions are perfectly homogeneous, then the diversity of the region will be equal to the diversity of the local site. Subjecting a homogeneous landscape to a series of spatially and temporally discontinuous disturbances would generate a patchwork of different successional stages, which might lower the average local diversity (depending, e.g., on productivity) but increase beta diversity among sites and therefore regional diversity as well. Still higher regional diversities would be generated in complex landscapes, where localities of differing productivities are subjected to differing regimes of disturbance (Ricklefs and Schluter, 1993; Huston, 1994; Grime, 2001 ).
SERPENTINE EC OSySTEMS AND DISTURBANCE:
A REVIEW Although ecological disturbances are ubiquitous (Pickett and White, 1985; Huston, 1994) , and some serpentine ecosystems are clearly structured by disturbance (e.g., Safford and Harrison, 2004; Grace et al., 2007) , research into the effects of disturbance on plant diversity in serpentine ecosystems remains rare. In our literature review, we found fewer than 50 published studies containing information relating to the diversity-disturbance relationship in serpentine vegetation, with few of these studies actually focused on disturbance itself and even fewer treating the subject quantitatively or statistically. To this point, disturbance research on serpentine habitats has focused on three types of ecological disturbance: herbivory, fire, and soil disturbances. For these three disturbance types, we summarize the results of our review.
Herbivory
Theory and empirical evidence suggest that grazing may either increase or decrease plant diversity, in the former case by reducing the dominance of superior competitors, in the latter by reducing the diversity of grazing-intolerant species (Collins et al., 1998; Gough and Grace, 1998; Olff et al., 1999; Grime, 2001 ). Because resource availability limits population growth, the direction of the plant diversity response to herbivory is widely thought to depend on ecosystem productivity (Huston, 1994; Olff et al., 1999; Grime, 2001) . Generally speaking, grazing is expected to affect diversity positively in resource-rich ecosystems and negatively in resource-limited ecosystems, although evolutionary exposure to grazing and other factors may modify this relationship (Milchunas et al., 1988; Huston, 1994; Olff and Ritchie, 1998; Proulx and Mazumder, 1998; Figure 12 .2). Although many serpentine areas support grasslands, and although these grasslands are an important source of livestock forage in many parts of the world (Borhidi, 1988; Harrison, 1999; McCallum, 2006) , there have been surprisingly few studies of the effects of grazing on serpentine plant diversity. Almost all of these have taken place in California, where research has been largely motivated by the desire to understand how herbivory and other disturbances relate to the persistence of a rapidly diminishing native grassland flora. In California, infertile substrates like serpentine are much less invaded than other substrates and provide a critical refuge for many native grassland species. Most non-native grassland species in California evolved in ecosystems subject to heavy pressure by herding ungulates; however, ungulate densities in California have been relatively low since the early Holocene extinctions, and grazing selection has likely been less important in the development of California's native grassland flora (Kimball and Schiffman, 2003) . Serpentine/nonserpentine comparisons in California-and other similarly invaded regions-are thus uniquely well positioned to empirically examine the interactive effects of disturbance, productivity, soil type, and floral ancestry on plant diversity.
Herbivory Summary. We found eight studies that statistically assessed the effects of ungulate grazing on species diversity in serpentine grassland (Huenneke, unpublished data, cited in Hobbs and Huenneke, 1992; Harrison, 1999; Safford and Harrison, 2001; Gelbard and Harrison, 2003; Harrison et al., 2003; McCallum, 2006; Niederer and Weiss, 2007; Safford, unpublished data) , and one that had qualitatively assessed disturbance effects in a shrubland-grassland transition (Spence, 1957) . Of the statistical assessments, seven conducted analysis at the local scale (10 m 2 ), and all seven were in California. One study in South Africa evaluated grazing impacts at a broader spatial scale (1000 m 2 ; McCallum, 2006) . Only two included analysis of the effects of varying disturbance levels (Safford and Harrison, 2001; Safford, unpublished data) .
Our review suggests that low to moderate levels of ungulate (livestock) grazing in California annual grasslands tend to increase local species richness. On serpentine soils, the effect is primarily mediated through an increase in native species; richness increases on nonserpentine soils are more likely to be driven by increases in the non-native species component (Figure 12 .3). Only two studies (Safford and Harrison, 2001; Safford, unpublished data) collected data from paired grazedungrazed plots, which allow unbiased measurement of grazing intensity and productivity. Both studies found evidence of decreased diversity at higher levels of grazing intensity (Figure 12.4) . These studies also document interactions between productivity and grazing such that changes in diversity and composition due to grazing are greater in higher biomass sites.
In the reviewed studies, beta diversity in serpentine (and nonserpentine) grasslands was either unchanged or decreased by grazing; this appears to primarily be a result of floristic homogenization due to loss of grazing-intolerant taxa. Of four studies with explicit or inferred measurements of regional diversity in serpentine grassland, grazing drove an increase in one (Safford and Harrison, 2001 ), a decrease in one (McCallum, 2006) , and no change in two (Gelbard and Harrison, 2003; Harrison et al., 2003) . Three studies included regional measures from nonserpentine sites; two of them showed increases in regional diversity due to grazing (Safford and Harrison, 2001; Safford, unpublished data) , one measured no change (Harrison, 1999) .
The productivity of serpentine grassland is indisputably low on a global scale, but most of the reviewed studies find either a positive or negligible effect of grazing on local richness, which appears to contradict most theoretical expectations ( Figure 12 .2). Most of the reviewed studies reported that they sampled areas subject to low to moderate grazing intensities (without providing actual measures of intensity). The two studies that included complete gradients of disturbance showed moderate increases in richness but negative effects on diversity as grazing intensity rose (Safford and Harrison, 2001; Safford, unpublished data) . One study showed stronger losses in diversity on serpentine than on nonserpentine soils ( Figure  12.4) . Overall, the best theoretical match for these results is provided by the DEM and MSL (grazing-intolerant species) predictions for low-productivity soils, both of which predict an initial rise in diversity with disturbance, followed by a strong decrease at intermediate to high disturbance levels (Figure 12. 2). At the moderately low levels of productivity that characterize serpentine grasslands in California (which is the only place where statistical assessment of grazing effects on plant diversity has been performed), low to moderate levels of herbivory reduce the biomass and thatch of the dominant species, which are often non-natives, providing competitive release for a suite of mostly native forbs and grasses (Hobbs and Huenneke, 1992; Weiss, 1999; Safford and Harrison, 2001; Harrison et al., 2003) . At higher levels of herbivory, low levels of soil fertility and intrinsically slow growth rates of many serpentine species can result in their exclusion from the landscape. This pattern is exacerbated by the general grazing intolerance of many California species (Safford and Harrison, 2001; Kimball and Schiffman, 2003) .
High-intensity, long-term grazing may be more likely to reduce diversity in serpentine grassland than in nonserpentine grassland (e.g., Dennis, 1989; Huntsinger et al., 1996) , but species turnover due to grazing is likely to rise as productivity increases (Safford, unpublished data) . The latter effect may be independent of soil type.
Community response to disturbance is highly dependent on the life histories of the species that are there to respond. In California, native species tend to respond most strongly to grazing on serpentine soils, whereas non-natives respond most strongly on nonserpentine soils (Safford and Harrison, 2001; Gelbard and Harrison, 2003; Harrison et al., 2003; Safford, unpublished data) . The richness of nonnatives appears to rarely (if ever) increase on serpentine soils as the result of lowto moderate-intensity grazing. Limited data from one ongoing California study suggest that grazing-tolerant species may be equally common in serpentine and nonserpentine grassland, with their contribution to biomass surprisingly high in the former (Safford, unpublished data) .
The strength of the floristic homogenization effect of grazing may generally be stronger in more productive and nonserpentine sites, but some serpentine species may be resistant to herbivory for reasons not linked to herbivory itself (life form, magnesium content, leaf constitution). Herbivore pressure is not uniform across the landscape, and outcomes may differ based on whether grazing is light, moderate, or heavy. Although one study documented an increase in grazing effect with productivity (Safford, unpublished data) , herbivore pressure may not necessarily be lower in serpentine grasslands. One California study found that the nutritional value of serpentine grass forage was actually higher than forage on adjacent nonserpentine soils (Rosiere and Vaughn, 1986) .
Fire
For fire to occur, heat must be applied to fuel in the presence of oxygen. Once ignition has taken place, the behavior of fire (its intensity, rate of spread, etc.) is driven primarily by fuel characteristics, weather, and topography (Bond and van Wilgen, 1996; van Wagtendonk, 2007) . The major difference between many serpentine habitats and nearby nonserpentine habitats is the amount and arrangement of biomass (fuel). In general, most serpentine vegetation is characterized by low rates of biomass accumulation. Compared to more fertile substrates, the vegetation of ultramafic soils is often of lower stature and cover, stands of woody plants are more open, soils are often rockier and frequently free of vegetation cover, and there is relatively high light and wind incidence at the ground (Table 12 .1). Broad-scale weather patterns do not differ between serpentine and adjacent nonserpentine habitats, but the differing arrangements of biomass in the two habitats can lead to different effects of sun and wind on fuel drying and fire propagation. In some cases, topographic differences can also exist between serpentine areas and the nonserpentine matrix (Takaoka and Sasa, 1996) . In many parts of the globe, fire plays an important role in structuring ecosystems, but ecosystems themselves also play a role in structuring fire. In Mediterranean climate regions, islands of serpentine soils can support populations of regionally or locally rare plants that appear to be escaping competition and/or frequent fire (Vogl et al., 1977; Safford and Harrison, 2004) . These taxa include species that are adapted to fire-driven reproductive cycles but require sufficient time between fires to generate adequate germplasm to guarantee population persistence (e.g., serotinous conifers). The ameliorating effect of open serpentine vegetation on wildfire spread is well known to firefighters in California, and forest fuel treatment plans sometimes incorporate natural serpentine fuel breaks. To this point, however, little is known about the role of fire in serpentine ecology or the relationship between fire and plant diversity in serpentine vegetation. Fire, fuel, and resource management in serpentine vegetation must be prosecuted almost entirely based on inference from contextual features, such as those in (Coombes and Forst, 1956; Wells, 1962; Miller, 1981; Knox, 1984; Borhidi, 1988; Parker, 1990; Tyndall, 1992 Tyndall, , 1994 Takaoka and Sasa, 1996; McCoy et al., 1999; Arabas, 2000; Matos Mederos and Torres Bilbao, 2000; Chiarucci et al., 2001; Chiarucci, 2003; Harrison et al., 2003; Safford and Harrison, 2004; CAPO, 2007; Tolman, 2007; Safford, 2008; EBRPD, 2009; Reddy et al., 2009) . Only four studies provided quantitative data on the effects of fire on local diversity (McCoy et al., 1999; Matos Mederos and Torres Bilbao, 2000; Harrison et al., 2003; Safford and Harrison, 2004) , and only two carried out formal statistical analysis of those effects. Both of these latter studies were in California, and both investigated interactions with productivity and species provenance Safford and Harrison, 2004) .
In California and other Mediterranean climate regions, fire has a strong positive effect on diversity in productive vegetation but less effect in unproductive (e.g., serpentine) sites, where space and light are less limiting in the undisturbed landscape Safford and Harrison, 2004, 2008) . During postfire succession, diversity drops more rapidly in more productive sites (Figure 12 .5). Safford and Harrison (2004) found an increase in local diversity in serpentine chaparral (sclerophyllous shrubland) due to fire (Figure 12 .5), whereas Harrison and colleagues (2003) found no overall diversity effect of a late dry season fire in a serpentine grassland. In the latter, fire increased the number of native species in serpentine vegetation but not the number of non-natives. In both studies, the number of non-native weedy species in the postfire flora was disproportionately enhanced in nonserpentine versus serpentine chaparral. The effects of fire on beta and regional diversity were only statistically assessed in one study in California (Safford and Harrison, 2004) . Beta diversity did not respond to fire in serpentine chaparral, but it rose in nonserpentine chaparral. Both chaparral types saw an increase in regional diversity due to the effects of fire.
Three publications from the wet tropics provided sufficient data to allow for a post facto evaluation of fire-diversity patterns (Borhidi, 1988; McCoy et al., 1999; Matos Mederos and Torres Bilbao, 2000) . In Cuba and New Caledonia, local and regional diversity were both strongly reduced due to fire; in the latter, beta diversity among plots was enhanced in early successional habitats.
The effects of fire on diversity in serpentine ecosystems appear to be strongly dependent on ecological and evolutionary context. Data and anecdotes from areas of humid climate suggest that fire tends to have a negative effect on both local and regional diversity of serpentine vegetation (Coombes and Forst, 1956; Proctor and Woodell, 1971; Borhidi, 1988; McCoy et al., 1999; Matos Mederos and Torres Bilbao, 2000) , although rare species may benefit from fire in some cases (Miller, 1981; Tyndall, 1992) . Data from California and observations from Italy suggest that fires on serpentine in Mediterranean climate regions are more likely to increase local and regional diversity, although not as strongly as on more productive soils. Patterns in the reviewed studies support the existence of a peak in local diversity somewhere in the low to moderate disturbance intensity/frequency range. This would appear to best support the IDH, DEM, or MSL models (for disturbance-intolerant species). These patterns may be best explained by the relative rarity of natural (nonanthropogenic) fire in most humid landscapes, and its commonness in Mediterranean climates. Areas without evolutionary exposure to frequent fire are unlikely to evolve many species that fill fire-related niches (Grubb, 1977; Denslow, 1985) , and modern increases in fire frequency due to human causes in these ecosystems are likely to have largely deleterious outcomes for plant diversity. On the other hand, the successful long-term suppression of fire in many semiarid areas of the planet has reduced plant diversity in many places (Hobbs and Huenneke, 1992; Sugihara et al., 2007) , but this is probably not so much the case in vegetation on serpentine soils, where all signs point to a much looser relationship with fire than in most types of nonserpentine vegetation (Safford and Harrison, 2004, 2008; Safford, 2008) .
The effects of fire on serpentine vegetation are longer lasting than they are on nonserpentine vegetation, probably due to lower productivity as well as slower intrinsic growth rates of many serpentine plant taxa (Proctor and Woodell, 1971; O'Dell et al., 2006) . Postfire vegetation succession is a much slower process on serpentine soils, and therefore-even though the diversity effects of fire are not as strong-the vestiges of fire in serpentine community structure are longer lasting than on more productive soils.
Generally lower frequencies of fire in serpentine habitats have led to an association of fire-sensitive taxa with serpentine soils. In Mediterranean climate regions, woody species with fire-adapted regeneration strategies (serotiny, obligate seeding shrubs) that require longer fire-free periods (and less competition for resources) are disproportionately common on serpentine soils (Vogl et al., 1977; Safford and Harrison, 2004, 2008) . In California, many of the herbaceous taxa requiring fire to cue germination are found in serpentine as well as nonserpentine sites, but their overall abundance and contribution to biomass is much lower in the serpentine vegetation (Safford and Harrison, 2004) .
There are soil and geomorphology feedbacks between serpentine soils, climate, and disturbance. For example, more humid areas can break down more weatherable ultramafic rocks into less defined topography, which may lead to more rapid fire spread and more homogeneity in burn severity (Takaoka and Sasa, 1996) . Drier climates leave much serpentine bedrock at the surface and increase burn heterogeneity and decrease fire spread (Safford and Harrison, 2004) .
Compared with more productive soil types, vegetation on serpentine soils tends to support low fuel (biomass) loads and highly heterogeneous fuel structure. In drier regions or in areas with a pronounced dry season (e.g., Mediterranean climates), this leads to relatively low frequencies and intensities of fire in serpentine vegetation (Safford and Harrison, 2004; Safford, 2008) . In wetter climatic regions, the lack of a dense woody overstory on serpentine soils may lead to the development of high biomass in the vegetation understory. In such regions, high levels of understory fuels, coupled with the enhanced influence of sun and wind on fuel moisture in the more open understory, may lead to higher flammability in serpentine vegetation (Proctor, 1999; Safford, 2008) .
Soil Disturbance
Unlike herbivory and fire, there have been no grand holistic theoretical treatments of the relationship between soil disturbances and diversity. Short reviews of the effects of soil disturbance on diversity are provided by Hobbs and Huenneke (1992) and Huntly and Reichmann (1994) . Considerations of the effects of soil disturbance on serpentine vegetation have focused on ablation by wind (Spence, 1957) , frost heave (Rune, 1957; Dearden, 1979) , soil movement due to shrinkswell clays (Alexander et al., 2007) , precipitation and gravity (Oberhuber et al., 1997) , and bioturbation by fossorial mammals (e.g., Hobbs and Mooney 1985 , 1991 , 1995 Hobbs et al., 1988 Hobbs et al., , 2007 . One group of researchers at Stanford University has been carrying out manipulative experiments of gopher disturbance effects on diversity for more than two decades (see Hobbs and Mooney, 1985; Hobbs et al., 2007) . Their results underscore the important role that soil disturbance can play in maintaining habitat heterogeneity and regulating species diversity along both spatial and temporal gradients.
Soil Disturbance Summary. We found more than a dozen studies that either qualitatively or quantitatively treated the subject of soil disturbance and diversity in serpentine vegetation (Rune, 1957; Spence, 1957; Dearden, 1979; Hobbs and Mooney, 1985 , 1991 , 1995 Hobbs et al., 1988 Hobbs et al., , 2007 Safford and Harrison, 2001; Harrison et al., 2006a Harrison et al., , 2006b Davies et al., 2007; Safford, unpublished data) . Only fossorial mammal disturbance was assessed statistically or experimentally, and then only in studies carried out in California. Only one study explicitly compared serpentine and nonserpentine soils (Safford and Harrison, 2001) .
Our review suggests that the effects of soil bioturbation on local richness in herbaceous serpentine vegetation are nearly uniformly negative, although one set of studies found a unimodal response (Harrison et al., 2006a (Harrison et al., , 2006b Davies et al., 2007; Safford, unpublished data) . Beta diversity among plots appears primarily to be enhanced by soil disturbance (e.g., Mooney, 1985, 1991; Safford, unpublished data) . The summed effect on regional diversity may be positive or negligible. These results more or less conform to expectations of five of six of the disturbance-diversity theories. This includes the unimodal response seen in one of the California studies, which is predicted by the DEM and MSL. Only the IDH is unsupported by the serpentine soil disturbance results we reviewed. It has been hypothesized that low-fertility ecosystems are characterized by lower levels of competition and/or shifting of competition from shoots to roots because of the relative abundance of light and scarcity of soil nutrients (Tilman, 1982; Huston, 1994; Grime, 2001) . If serpentine grassland plants compete primarily for below-ground resources, then disturbances like tunneling, mounding, and underground herbivory, which affect root systems, may be especially deleterious to local richness. At the same time, these locally destructive activities may promote beta diversity by increasing habitat heterogeneity and providing colonization sites for disturbancetolerant species whose habitat requirements are not met in undisturbed vegetation (Hobbs and Mooney, 1985 , 1991 , 1995 Hobbs and Huenneke, 1992) .
Tunneling and mound-building animals like gophers can greatly increase spatial and temporal heterogeneity in areas with sufficiently deep soil and herbaceous vegetation Mooney, 1985, 1991) . This creates niche opportunities for many relatively uncompetitive species. Locally, gopher disturbance may be an important driver of rare species richness and abundance on serpentine soils, but common species are better buffered against the stochasticities in population size caused by soil disturbance and may react more strongly to broad-scale drivers like variations in climate (Hobbs et al., 2007) .
Depending on the species that can get propagules to the site, a disturbance may either expand or decrease niche space. There are important feedbacks between the life histories of resident species and the type of disturbance. The timing of the disturbance is of major importance. Climatic conditions before, during, and after a disturbance are critical to determining the ultimate outcome, as is the timing of the disturbance relative to plant life cycles. Species that disperse seeds at the time of the disturbance are more likely to benefit (Hobbs and Mooney, 1985 , 1991 , 1995 .
Deeper serpentine soils often sustain a high fine clay fraction (Alexander et al., 2007) , which may be easier for gophers and other tunneling animals to move through, at least in the growing season before the soil hardens. This high fine clay fraction is also highly erodible when exposed to precipitation on sloping ground (Oberhuber et al., 1997; Alexander et al., 2007) . The high content of shrink-swell clay minerals in some deeper serpentine soils can result in high levels of soil movement, restricting the survival of woody plants (Alexander et al., 2007) . Shallow soils on ultramafic bedrock in cold climates may be more susceptible to frost heave and similar periglacial phenomena than other soil types (Rune, 1953; Dearden, 1979) .
DIVERSIT y AND DISTURBANCE ON SERPENTINE SOILS: A SyNTHESIS
Only four published studies, plus one in progress, included serpentine and nonserpentine sites, disturbed and undisturbed controls, and explicit measures and statistical assessment of the effects of productivity (independent of soil type) and disturbance gradients on species diversity (Harrison, 1999; Safford and Harrison, 2001, 2004; Harrison et al., 2003; Safford, unpublished data) . The limited number of disturbance studies in serpentine vegetation makes general conclusions difficult, but the potential for important findings is high. We provide a first-cut synthesis of the extant research.
Disturbance-Diversity Theory and Empirical Evidence from Serpentine Ecosystems
Most ecological theory predicts that disturbance should play a less important role in diversity regulation in low-versus high-productivity ecosystems, and our review supports this prediction. Serpentine studies generally found a negligible to moderate rise in local diversity at lower levels of disturbance on low-productivity sites, with a drop in diversity as disturbance intensity increases, in accordance with the dynamic equilibrium model (Huston, 1994) and the model of Milchunas et al. (1998) for disturbance-tolerant species. Exceptions to this included the studies of soil disturbance and studies of fire in humid climates, which did not detect the initial increase in diversity; although the results were not always conclusive, these studies therefore may better support models predicting monotonic decreases in diversity with disturbance (e.g., Milchunas et al., 1988 , for disturbance-intolerant species). In studies that either compared serpentine and nonserpentine sites or analyzed continuous gradients of productivity and disturbance intensity, the general result was that increases in local diversity following disturbance were positively correlated with productivity (e.g., Safford and Harrison, 2001, 2004; Safford, unpublished data) . Increasing intensity of disturbance reduced diversity monotonically in the grazing studies but showed a unimodal response in the fire study. These studies clearly indicate the inadequacy of the intermediate disturbance hypothesis, which is insensitive to changes in ecosystem productivity. Several studies of serpentine floras have examined beta diversity (species dissimilarity among plots and sites), which is affected by site heterogeneity, disturbance, and dispersal limitation (e.g., Whittaker, 1960; Harrison, 1997; Freestone and Inouye, 2006) . Based on our review, disturbance probably plays a lesser role in determining beta diversity in serpentine than in nonserpentine vegetation. For example, grazing reduces the heterogeneity among grassland plots to a greater degree in more productive sites (Safford, unpublished data) .
The Importance of Species Identity and History
Serpentine and nonserpentine soils tend to support markedly different floras and life form spectra, and these dissimilarities undoubtedly play a role in driving differing responses to disturbance and other ecological processes on the two soil types. For example, many studies have noted the higher abundances of prostrate annual forbs, perennial geophytes, and perennial grasses in serpentine versus nonserpentine grassland, and there are notable differences in dominant plant families and genera as well (Kruckeberg, 1984; Safford et al., 2005; Alexander et al., 2007) . Such traits affect ecosystem properties such as resource availability, nutrient cycling rates, soil chemistry and texture, decomposition, invasion, and responses to disturbance (Eviner and Chapin, 2003) .
The much lower prevalence of weedy non-native species on serpentine may underlie many of the differences in grazing response in Californian ecosystems, although serpentine tolerance is developing in some non-native species , and others have arrived with preadaptation to serpentine (Meimberg et al., 2005) . The studies we reviewed from California clearly show that native and non-native species have the capacity to respond differently to herbivory, as is also seen in studies from nonserpentine systems (Kimball and Schiffman, 2003) . Natives tended to respond positively to low-moderate grazing intensities on serpentine soils, whereas non-natives were more likely to respond positively to low-moderate intensity grazing on nonserpentine. Floristic differences between serpentine and nonserpentine sites may explain studies that find soil type a better predictor of grazing response than productivity (Harrison, 1999; Safford and Harrison, 2001; Safford, unpublished data) .
Species identity and history are also important in the responses of diversity and composition to fire. Herbaceous fire-following species that germinate in response to fire are much more important members of the chaparral flora on nonserpentine than serpentine soils (Safford and Harrison, 2004) . This component of the chaparral flora comprises a large portion of the postfire explosion of diversity in herbaceous species and contributes significantly to the differences in relative diversity response between nonserpentine and serpentine soils. Serotinous conifers in fireprone regions are largely restricted to infertile soils like serpentine and the proportion of obligate seeding shrubs tends to be much higher on serpentine soils than on nearby nonserpentine substrates (Vogl et al., 1977; Safford and Harrison, 2004) . The proportion of perennial forb and grass species is also generally higher in the serpentine than the nonserpentine flora (Kruckeberg, 1984; Alexander et al., 2007) , and perennials and annuals respond very differently to disturbance.
Differences between Disturbances
Soil disturbances that primarily remove above-ground plant biomass tend to decrease local diversity, increase beta diversity, and benefit ruderal annual species at the expense of perennials (Huston, 1994; McIntyre et al., 1995) . However, soil disturbances with strong below-ground effects may have contrasting consequences on plant communities. For example, gopher activity has especially negative effects on geophytes Mooney, 1985, 1995; Huntly and Reichman, 1994) . Gophers and other fossorial mammals also indirectly influence above-ground community structure through mixing unexploited subsoil into upper soil horizons; normally this increases soil fertility, but in serpentine soils, it may have the opposite effect because subsoils may be low in macronutrients (Hobbs and Mooney, 1991) .
Fire and ungulate grazing have many similar effects on plant communities, but there are also important differences. Grazing is always selective, and its effects on plant communities depend on the relative abundances of preferred food species (Huston, 1994; Crawley, 1997) . Fire consumes both living and dead material (Bond and Keeley, 2005) , and it may be completely unselective in some conditions (e.g., hot, dry, windy weather) and somewhat more selective in others (e.g., moderate weather in low fuel conditions) (Bond and van Wilgen, 1996) . In grasslands, effects of recent fire on vegetation cover and diversity can be similar to the effects of grazing, but because grazing continues to selectively reduce living biomass through the growing season, its effects are usually strongly stronger and more pronounced (Collins, 1987; Noy-Meir, 1995; Harrison et al., 2003) . Within-study comparisons of grazing and fire show that the two disturbances can differ in, for example, the quantity and quality of biomass removed (Collins and Barber, 1986) , traits and species favored (Collins, 1987; Fuhlendorf and Engle, 2004) , the effects on community structure and diversity (Collins, 1987; Noy-Meir, 1995; Harrison, et al., 2003) , and the spatial and temporal scales of these effects (Collins and Smith, 2006) .
The Serpentine "Context": All Serpentine Is Not Equal
Gradients in bedrock and soil can play a major role in modifying vegetation on serpentine soils, thus creating strong variation in disturbance regimes and their effects. Climate can also play a major role in modifying serpentine vegetation and its ecological relationships with disturbance (Kruckeberg, 2004; Grace et al., 2007) . In very cold or arid climates, serpentine vegetation may differ insignificantly in structure or composition from the vegetation on neighboring normal soils (McNaughton, 1968; Kruckeberg, 2004; Alexander et al., 2007) ; in these situations, disturbance factors linked to productivity are unlikely to differ between serpentine and nonserpentine vegetation.
In some humid regions where serpentine supports shrublands and open forest (e.g., Hokkaido, Japan; the wet tropics; the United Kingdom; eastern United States; northwesternmost California), the relatively low woody biomass in the overstory allows for the growth of a dense understory of flammable subshrubs and grasses, and the open vegetation structure also promotes the drying of fuels and winddriven fire spread. In these situations, fire may be naturally more frequent in serpentine than nonserpentine vegetation (Miller, 1981; McCoy et al., 1999; Proctor, 1999; Arabas, 2000) , and managing for an appropriate fire regime to maintain the unique serpentine vegetation is a major concern.
The nutrient factor in serpentine soils can become so dominant in some circumstances that other important drivers of vegetation pattern, such as topography, are largely overridden. We found multiple references to the relatively minor effects that variations in slope and aspect have on serpentine vegetation, diversity, and disturbance relative to nearby nonserpentine sites (e.g., McNaughton, 1968; Harrison, 1999; Safford and Harrison, 2001) . The serpentine soil factor can likewise overwhelm disturbance as a driver of vegetation community structure. A number of the studies we reviewed found that soil type was more important than disturbance in explaining plant diversity patterns (Coombes and Forst, 1956; Harrison, 1999; Safford and Harrison, 2001; Harrison et al., 2003; Safford, unpublished data) . The dearth of scientific studies exploring the effects of natural disturbance on serpentine vegetation is itself probably an effect of the relatively low importance of disturbance to serpentine vegetation in many parts of the world.
How Useful Are Serpentine-Nonserpentine Comparisons for Studying Ecological Patterns and Processes Related to Disturbance?
We believe that serpentine-nonserpentine comparisons provide a powerful model system for studying ecological and evolutionary processes related to disturbance and productivity. Local studies using serpentine and nonserpentine soils can be designed to capture very broad gradients of both productivity and disturbance, perhaps to a greater degree than almost any other natural terrestrial system. In many places, the difficulty comes in finding sites of enough fertility or water availability to complete the high end of the productivity gradient. In California, chaparral productivity in immediate postfire years is often very high, but many nonserpentine grasslands are not particularly productive. Regions with relatively high but not excessive rainfall and warm growing season temperatures (e.g., coastal or montane Mediterranean regions, the humid temperate zone, parts of the tropics and subtropics) may provide the best locations for studies of disturbance effects on diversity, because they are more likely to capture a broad productivity gradient. Does the unusual plant species composition found on serpentine soils undermine their usefulness for studies related to soil productivity? We would counter that gradients of soil productivity are strong selective forces and evolution will always mold the flora in accordance with the reigning environment. Plants in all truly low-productivity sites are characterized by similar suites of morphologies and life history strategies (Grime, 2001) , and serpentine plants fall well within this general suite. 
